The number of In atoms in a critical cluster, i*, in Stranski-Krastanow ͑S-K͒ mode of InAs islands was determined to be 1-10. The i* was determined using an activation energy E A of 2.0 eV determined from an Arrhenius plot of the saturated density of InAs islands formed on a GaAs ͑001͒ surface by S-K mode of molecular beam epitaxy ͓K. Shiramine et al., J. Cryst. Growth 242, 332 ͑2002͔͒, and an activation energy of 1.6 eV for migration ͑surface diffusion͒ of In adatoms, inferred from other references. The common value ϳ2.0 eV of E A in S-K mode was ascribed to the small i*.
I. INTRODUCTION
In Stranski-Krastanow ͑S-K͒ mode in molecular beam epitaxy ͑MBE͒, the initial two-dimensional ͑2D͒ growth ͑layer growth͒ and subsequent 3D growth ͑island growth͒ produce a wetting layer and islands, respectively. 1 The islands are coherent and defect free. They are regarded as selforganized quantum dots because they show quantum-size effects. Therefore, they are expected to yield novel optical and electronic devices. The growth of 2 monolayers ͑MLs͒ of InAs on GaAs, discussed in the present article, is a typical S-K mode.
In the present study, we will determine the critical cluster size in S-K mode. The critical cluster is important in the nucleation of crystal growth; the formation of a critical cluster is assumed to be the nucleation of an island ͑''cluster'' is used as a synonym of ''island''͒. The concept of critical clusters in the capillarity model, 2 in which surface energy is considered, can be explained as shown in Fig. 1 , where the total free energy G of a 3D island is given as a function of its radius r. G increases with increasing r for rϽr* and decreases for rϾr*. A critical cluster is an island for which r is r*, while metastable and stable clusters are islands for which rϽr* and rϾr*, respectively. Metastable clusters tend to disappear because becoming smaller is energetically favorable. On the other hand, stable clusters tend to grow larger because growing larger is energetically favorable. Almost all the islands that grow beyond a critical cluster grow larger. The critical cluster size i*, i.e., the number of atoms which compose a critical cluster, dominates nucleation. In spite of this, only a few reports in which i* for S-K mode is discussed quantitatively have been published. 3, 4 Here we will determine i* in S-K mode from the activation energy, reported already, determined from an Arrhenius plot of the saturated density of islands.
The authors have already reported the saturated density of InAs S-K islands as a function of growth temperature T s . 5 The activation energy E A determined from the Arrhenius plot of the density was 2.0 eV, where the saturated density N s is expressed as N s ϰexp͓E A /(k B T s )͔ and k B is the Boltzmann constant. Values of E A for S-K mode reported in other article 3,6 -12 are also ϳ2.0 eV, as pointed out in Ref. 5 , although the origin of this common E A has yet to be explained. Here we will analyze the same experimental results using a more precise theory to elucidate the origin of the common E A .
In the present article, i* and the binding energy of a critical cluster, E i * , is discussed based on E A of 2.0 eV and the activation energy for adatom migration ͑surface diffusion͒, E diff , of 1.6 eV. E diff of 1.6 eV for In adatoms is inferred from experimental data for Ga adatoms. The relationship between i* and E i * is obtained from E A and E diff using Frankl and Venables' theory. 13 We conclude that i* is 1-10 ͑In atoms only͒. The common value ϳ2.0 eV of E A for S-K islands is ascribed to the small i*.
II. EXPERIMENTAL AND RESULTS
Crystal growth was carried out by MBE. 2 monolayers of InAs were grown on a GaAs ͑001͒ substrate at growth temperatures T s of 450-530°C. The surface was observed by atomic force microscopy ͑AFM͒ in air. The area density of the InAs S-K islands was determined from AFM images as a function of T s . Details of the experiments have been published elsewhere. Figure 2 shows an Arrhenius plot of the island density obtained. 5 The density decreases with an increase in T s . The decrease is produced by an increase in the diffusion length of adatoms with T s . [5] [6] [7] [8] [9] [10] [11] [12] The activation energy E A determined from the Arrhenius plot was 2.0 eV from the slope of the fitted line ͑Fig. 2͒. The results agree with those of other studies on S-K islands:
3,6 -11 the density decreases with an increase in T s , and E A is ϳ2.0 eV. 5, 14 III. DISCUSSION
A. Expression for saturated density of islands
We discuss the expression for the saturated density of islands. Islands of metals formed by vacuum evaporation were the focus of study in the 1960s and 1970s. 15 Theories on the nucleation of metal islands published in those days a͒ Electronic mail: shira@eng.hokudai.ac.jp can be applied to S-K islands. Frankl and Venables have considered the saturation of island density caused by the depletion of adatoms; 13 we conclude that their theory is appropriate for use in the analysis of the nucleation of S-K islands.
The nucleation theory gives us an expression for the saturated density of islands; we should consider the origin of the saturation of island density to determine whether the theory is applicable to S-K mode or not. The saturation in the theories is caused by: ͑i͒ the coalescence of islands and ͑ii͒ the depletion of adatoms. A density saturation of S-K islands is believed to be caused by an adatom depletion due to the capture of adatoms by islands. Here we have not considered the possibility of saturation by coalescence. Indeed, few large incoherent islands are observed in 2 ML growth of InAs on GaAs although the density is saturated.
Many research groups have suggested expressions for the saturated island density. Here we consider only complete condensation, in which all incident atoms contribute to growth and no atoms desorb from the surface, because growth conditions of MBE are usually set so that complete condensation occurs. Stowell and Hutchinson have shown the expression N s ϰexp͕(E i * ϩi*E diff )/͓(i*ϩ 5 2 )k B T s ͔͖ for the saturation caused by the coalescence of 3D islands and the expression N s ϰexp͕(E i * ϩi*E diff )/͓(i*ϩ2)k B T s ͔͖ for the saturation caused by the coalescence of 2D islands. 16, 17 These expressions cannot be applied to S-K islands because they are for the saturation due to coalescence.
Frankl and Venables have suggested an expression using island density for the saturation caused by the depletion of adatoms; 13 in the saturation caused by depletion, incident atoms are caught by existing islands and do not nucleate. They deduced the expression by solving rate equations for an island density under the following assumptions: ͑i͒ an incident atom must condense, and it is never desorbed from the surface; ͑ii͒ adatoms are distributed uniformly on the surface; ͑iii͒ i* has a constant value; ͑iv͒ a stable cluster is absolutely stable and atoms never detach from it; and ͑v͒ islands smaller than a critical cluster are in quasi equilibrium, i.e., the size distribution of islands is considered. Frankl and Venables 13 proposed the expression for saturated density N s :
where N 0 is the density of adatom sites on the surface, J is a flux of atoms incident on the surface, is the vibration frequency of adatoms, E i * is the binding energy of a critical cluster, i.e., the energy required to decompose a critical cluster into single adatoms (E i * has a positive value͒, C i * is a constant given by
for i*ϭ1), j is the capture number of a j cluster, s is the average j for stable clusters, and j Ј is the dissociation number of a j cluster. Then, j is the sum of the probability of jumping into a captured position over all adjacent sites, and j Ј is the sum of the fraction of possible jump directions that carry the atom out of the cluster over the minimally bonded atoms. We can apply Eq. ͑1͒ to the Arrhenius plot of the InAs S-K island density ͑Fig. 2͒ because the density of islands is saturated at ϳ2 ML. 18 Here the number of atoms is defined as the number of In atoms because the motion of group III atoms dominates the growth of III/V compound semiconductors. The assumption of complete condensation is also applied to In atoms only.
Equation ͑1͒ was deduced by a more precise theory than that described in the former article: 5 it was obtained by solving rate equations considering the size distribution of islands ͓assumption ͑v͔͒ which was ignored in Ref. 5 . In the previous study, the experimental results were analyzed using a model 19 in which island density is defined by the diffusion length of adatoms. [6] [7] [8] [9] [10] [11] [12] Although the concept of the model is correct for the nucleation of S-K islands, at least qualitatively, the conclusions obtained using the model were not satisfactory quantitatively: E diff obtained was an unexpectedly large value, i.e., 4.0 eV. We can expect to obtain a consistent explanation for the same experimental results using Eq. ͑1͒.
Stowell deduced the same equation as Eq. ͑1͒ except for numerical factors considering depleted regions of adatoms around stable clusters due to capture. 20 It is noteworthy that Stowell's equation, deduced by assuming depletion, is the same as Eq. ͑1͒, deduced by assuming a uniform distribution of adatoms.
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B. Applicability of the model to S-K mode
Here we consider whether we can apply Frankl and Venables' model ͑Sec. III A͒ to island nucleation in S-K mode of InAs/GaAs growth. We consider: ͑i͒ the applicability of the model in which Volmer-Weber mode is assumed to S-K mode; ͑ii͒ the validity of the assumption that atoms do not detach from stable islands; ͑iii͒ the self-size-limiting effect; ͑iv͒ the effect of strain; and ͑v͒ the effect of interdiffusion between the epilayer and the substrate. First, the model is applicable to island growth in S-K mode. Epitaxial growth by MBE, including island growth in S-K mode, can be well described by the picture of adatoms. 21 In the adatom picture, an incident atom is adsorbed by the surface, migrates on the surface, and is taken into the crystal at a low-energy site, i.e., a step site or a kink site. The behavior of adatoms is well explained in terms of E diff and E des in the adatom picture. Frankl and Venables' model fits the adatom picture well. Therefore, the model describes the island growth of S-K mode well.
Second, the density obtained under the assumption that atoms do not detach from stable islands is close to the actual value. In actual growth, atoms can detach from stable islands. However, detachment should not markedly affect the density, unless islands disappear. The adatom density may increase because of the detachment of atoms from stable islands, and the change in adatom density may affect the island density. If this is the case, the effect should be small.
Third, the self-size-limiting effect does not affect the density. Although the size of islands is known to be limited automatically in S-K mode, the effect occurs only in large islands of which diameter is about 30 nm or longer. 22 The effect should not be notable in nucleation because a critical cluster consists only of a few atoms, as discussed later. The adatom density may increase because adatoms cannot attach to large islands due to the self-size-limiting effect; the island density is generally a function of adatom density. However, this does not markedly affect the island density since the self-size-limiting effect occurs after the density is almost saturated because the effect works only on large islands.
Fourth, strain does not affect the density. If nucleation is caused by the assembly of adatoms, as is assumed in the adatom picture, the role of strain is merely to supply lowpotential sites on the tops of islands after nucleation. The tops of islands are relaxed, and the potential energy of an adatom is lower there.
Finally, the effect of interdiffusion between the epilayer and the substrate should be considered. Interdiffusion is known to occur in island growth of S-K mode 23 although the details are unknown. Interdiffusion probably occurs after islands are formed and is not notable in the initial stage of island formation. Hence, the effect of interdiffusion on the density should be small.
C. Activation energy for migration of adatoms E diff
We must know E diff to discuss i* of InAs S-K islands based on Eq. ͑1͒. E diff for an In adatom has not yet been reported. Here, we will infer it from the activation energy E diff (Ga) for migration of Ga adatoms on GaAs. We should carefully evaluate reported values of E diff (Ga) and their determination methods, because various values of E diff (Ga) have been reported and there is no single widely accepted value. We obtain E diff (Ga) of 1.8 eV from the following values reported: (E des (Ga)ϪE diff (Ga))/2 of 0.34 eV ͑Ref. 24͒ and E des (Ga) of 2.5 eV ͑Ref. 25͒, where E des (Ga) is the activation energy for Ga adatom desorption. As a result, E diff for In is determined to be 1.6 eV.
Shitara and Nishinaga have determined the diffusion length s of Ga adatoms as a function of T s . 24 The activation energy of s was determined to be 0.34 eV. The activation energy obtained was (E des (Ga)ϪE diff (Ga))/2 because s is the distance from incidence to desorption of an adatom, i.e., s ϭͱD s s ϭa exp͓(E des (Ga)ϪE diff (Ga))/ (2k B T s )͔, where D s is the surface diffusion constant D s ϭa 2 exp͓ϪE diff (Ga)/(k B T s )͔, s is the resident time of an adatom on the surface s ϭ Ϫ1 exp͓E des (Ga)/(k B T s )͔, and a is the distance between nearest-neighbor sites of adatoms.
Sugiyama et al. determined E des (Ga) from the growth rate of GaAs as a function of T s . 25 The activation energy of sublimation of a Ga atom from GaAs was determined to be 4.9 eV, and the activation energy for the desorption of an excess Ga atom from the GaAs surface was determined to be 2.5 eV.
Here we use the activation energy of 2.5 eV reported by Sugiyama et al. 25 as E des (Ga). Values of the activation energy for the sublimation of GaAs, reported to date, 26 -28 fall in the vicinity of one of two values, i.e., ϳ2.5 and ϳ4.9 eV. The heat of sublimation of GaAs with the production of As 2 is 4.7 eV and that with the production of As 4 is 4.1 eV ͑Table I͒. The activation energy of 2.5 eV can be ascribed to the sublimation of a Ga adatom, and that of 4.9 eV can be ascribed to the sublimation of GaAs with the production of As 2 ͑we can assume the activation energy for sublimation to be the same as the heat of sublimation͒. Now we can determine E diff . We obtained E diff (Ga) of 1.8 eV from the (E des (Ga)ϪE diff (Ga))/2 of 0.34 eV, and the E des (Ga) of 2.5 eV. We determine E diff for In to be 1.6 eV by scaling the E diff (Ga) of 1.8 eV to bond energies of GaAs and InAs per bond, i.e., 1.659 and 1.516 eV, respectively ͑see Table I ; N.B., InAs and GaAs have four bonds per III-V atomic pair͒.
D. Critical cluster size i*
We determine i* in S-K mode of InAs islands to be 1-10 from the E A of 2.0 eV and the E diff of 1.6 eV, using E i * inferred from thermodynamical data and Eq. ͑1͒. The common value ϳ2.0 eV of E A in S-K mode is ascribed to the small i*. Now we are ready to discuss i* and E i * . From Eq. ͑1͒, we have
Using the E A of 2.0 eV ͑Fig. 2͒ and the E diff of 1.6 eV ͑Sec. III C͒, we obtain
We try to obtain i* from Eq. ͑3͒ by assuming an appropriate value of E i * .
Let us infer E i * from thermodynamical data. Here we obtain E i * from the heat ͑enthalpy͒ necessary to dissociate bulk InAs into single adatoms. We accept 1.6 eV per In-As atomic pair as E i * ; it is the heat necessary to dissociate InAs͑solid͒ into In͑solid͒ and 1 2 As 2 (gas) ͑Table I͒. We assumed that the dissociated state consists of In͑solid͒ and As 2 (gas) because the heat of adsorption of Ga adatoms, 2.5 eV per atom ͑Sec. III C͒, is nearly equal to the heat of sublimation of Ga͑solid͒, 2.8 eV per atom ͑Table I͒. We assumed As 2 (gas), not As 4 (gas), because the sublimation of GaAs is ascribed to that with the production of As 2 (gas) ͑Sec. III C͒.
The dissociated state assumed is that in which In is on the surface as adatoms and As is weakly bonded to the surface as As 2 (gas).
We can conclude that i* is 1-10 from the following viewpoints.
First, we determine i* to be 4 assuming the E i * of 1.6 eV per In-As atomic pair. We have E i * ϭi*ϫ1.6 (eV) if we assume that the binding energy per In-As atomic pair for an island is the same as that for the bulk. The E i * provides i* of 4 using Eq. ͑3͒. Here we neglected surface effects; the E i * obtained is overestimated because an atom on the surface of an island has fewer bonds than a bulk atom.
Second, apart from 1.6 eV, we obtain i* of 1-4 by applying a simple ''ball and stick'' model to critical clusters. Here we consider a simple model in which the bond energy in islands is the same as that in the bulk and all the In-As atomic pairs in an island have the same number of bonds in the range of 1-4. In the model, the number of bonds per In-As atomic pair, n bond , that are broken in the dissociation of an island into adatoms is 1, 2, or 3 because an adatom should have at least one bond. Because the bond energy in InAs is 1.5 eV per bond, which is obtained from the heat of atomization of 6.1 eV per In-As atomic pair in InAs ͑Table I͒, we have E i * ϭi*n bond ϫ1.5 (eV). E i * and Eq. ͑3͒ give i* of 4 for n bond ϭ1, i* of 2 for n bond ϭ2, and i* of 1 for n bond ϭ3.
Third, there might be some inconsistency between the experimental results and theoretical expectations if we assume large i*. We should consider, from the discussions above, the possibility that E A has a nearly constant value independent of i*, based on Eq. ͑2͒. The reason is as follows. Assume that i* is large. Then E i * is proportional to i*. Here E i * is expressed by E i * ϭi*E bind , where E bind is the binding energy of an island per In-As atomic pair; then, we have
when i*→ϱ. In this case, E A has a constant value, and we cannot obtain i* from E A . Consider this point. If we assume that i* is large and E bind ϭ1.6 (eV), i.e., E i * ϭi* ϫ1.6 (eV), we have E A of approximately 3.2 eV from the E diff of 1.6 eV and Eq. ͑4͒. The E A of 3.2 eV leads to a definitely steeper slope of the Arrhenius plot of the island density than the slope obtained experimentally (E A of 2.0 eV͒, as shown in Fig. 1 . Hence, there might be inconsistency if i* is large. Consequently, we can reasonably conclude that i* is small. Now we are ready to state the value of i*. We conclude that i* is 1-10 ͑here we count In atoms only͒. Values of i* reported in Refs. 3 and 4 are consistent with the i* determined in the present study.
As mentioned previously, S-K mode shows the common value of ϳ2.0 eV for E A for various materials, thicknesses, and growth conditions ͑Fig. 2͒. We obtained the i* of 1-10 from the E A of 2.0 eV for InAs S-K islands. We infer, by analogy, that i*'s also have similar values for S-K mode. Consequently, we ascribe the common E A to the small i*. We cannot completely exclude the possibility that actual values of E i * and E diff are different from those used above. Different E i * and E diff bring different i*.
First, we consider E i * . Here we assume that critical clusters are 2D islands because i* obtained above is small. Then E i * per atom is the binding energy of an atom at step edge. Itoh et al. reported that the binding energy of a Ga atom at step edge is 0.25-0.32 eV times n in GaAs growth, 31 where n is an in-plane coordination number of the atom. We obtain E i * of 0.46 -0.58 eV per In atom assuming that the binding energy for adatoms is proportional to that for bulk, as assumed above, and nϭ2. The E i * is notably smaller than 1.6 eV per In atom used above.
Second, some authors have reported various values of E diff (Ga). Shitara et al. reproduced results of reflection high energy electron diffraction measurements of GaAs growth by the Monte Carlo simulations. 32 They reported E diff (Ga) of 1.58 eV. We obtain E diff of 1.44 eV, which is close to 1.6 eV used above, assuming that the binding energy for adatoms is proportional to that for bulk. Thibado et al. measured islands in GaAs growth by scanning tunneling microscopy and reported that E diff (Ga) is between 1.7 and 2.3 eV. 33 This may lead to a different conclusion if E diff (Ga) is close to 2.3 eV.
Third, Ishii et al. obtained E diff by the first-principles molecular dynamics calculation and reported that the activation energy for migration of In adatoms on InAs is half of that of In adatoms on GaAs. 34 If we include the effect, we probably obtain different i*.
In conclusion, the number of In atoms in a critical cluster for S-K mode of InAs islands, i*, was determined to be 1-10 from the activation energy E A of 2.0 eV determined from the Arrhenius plot of the InAs island density. The common E A value of ϳ2.0 eV in S-K mode was ascribed to the small i*.
